Introduction {#s1}
============

As only a small fraction of all microorganisms from environmental samples can be isolated and studied by classic microbiological methods, culture-independent strategies, such as metagenomics, have been employed to overcome these restrictions (Torsvik et al., [@B61]; Amann et al., [@B3]; Handelsman et al., [@B21]). The cloning and analysis of environmental DNA has led to the identification of various new genes for valuable enzymes (for a recent review see Leis et al., [@B30]). Sequence-based metagenomics strategies have been successful in many cases, but sequences without similarity to known genes cannot be identified using this approach (Steele et al., [@B59]; Liebl, [@B33]; Liebl et al., [@B34]). Function-based strategies on the other hand rely on the direct detection of functional gene products via diverse screening setups. Until today, *E. coli* is the most commonly used bacterial host in functional metagenomics. Since only a fraction of the genes from random (meta)genomic gene libraries are expressed (Gabor et al., [@B18]; Sorek et al., [@B57]), the identification of truly novel genes from metagenomes is hampered when a single host is used (Jenney and Adams, [@B22]). Other hosts than *E. coli* (e.g., diverse Proteobacteria, Actinobacteria, and eukaryotic fungi) have been shown to be good alternatives and new broad-range expression vectors have been developed for use in functional metagenomics (Courtois et al., [@B11]; Martinez et al., [@B40]; Aakvik et al., [@B1]; Craig et al., [@B12]; Damon et al., [@B13]; Kakirde et al., [@B23]; Kellner et al., [@B24]; Parachin and Gorwa-Grauslund, [@B43]; Liebl et al., [@B34]).

In previous work we have shown that *Thermus thermophilus* HB27 can be used for screening of genomic libraries using the shuttle fosmid pCT3FK. These studies resulted in the identification of several genes that would not have been found by using the mesophilic *E. coli* host alone (Angelov et al., [@B4]; Leis et al., [@B30]).

In this study we present the generation of large-insert metagenomic libraries and their subsequent screening for lipolytic activities in *E. coli* and *T. thermophilus* HB27. For the screenings in *T. thermophilus*, a multiple clean deletion mutant was used (termed BL03) which lacks several characterized extracellular and putative esterase encoding genes (Leis et al., [@B31]). The knockout strain had a substantially lower esterase activity than the wild type and the deletions abolished its ability to grow on SH minimal medium supplemented with tributyrin. Therefore, we decided to use this esterase-deficient strain in a high-throughput screening and selection setup where complementation of growth on tributyrin minimal medium by cloned heterologous metagenomic genes served to select for new environmental genes encoding tributyrin-cleaving esterases.

Materials and methods {#s2}
=====================

Bacterial strains and growth conditions
---------------------------------------

Transformation and propagation of recombinant plasmids were performed using *Escherichia coli* XL1-Blue, XL10 GOLD® ultracompetent cells (Stratagene, La Jolla, USA) and DH10B (Invitrogen, Carlsbad, USA). *E. coli* EPI300-T1® (Epicentre, Madison, USA) was used for the generation and screening of metagenomic libraries cloned in pCT3FK large-insert fosmids (Angelov et al., [@B4]) based on pCC1FOS) upon addition of fosmid autoinduction solution (Epicentre). *E. coli* strain BL21(DE3) was used for the expression of target proteins in pET21a(+) (Novagen, Merck KGaA, Darmstadt, Germany). Bacterial cultures were grown in lysogeny broth (LB) or on LB agar plates supplemented with ampicillin (100 μg/ml), kanamycin (20 μg/ml) and chloramphenicol (12.5 μg/ml) as necessary. For *T. thermophilus* HB27 (DSMZ 7039) and *T. thermophilus* BL03 (genotype ΔTT_P0042, ΔTT_C0340-1, ΔTT_C0904, ΔTT_C1787), culturing and transformations were done as described in Angelov et al. ([@B4]), using TB complex medium (8 g/l trypticase peptone, 4 g/l yeast extract, and 3 g/l NaCl) (Ramírez-Arcos et al., [@B48]) and SH minimal medium (Leis et al., [@B31]) with high-carbonate mineral water Aqua Purania (TSI, Zeven, Germany) at pH 7.5. Cells were cultured at 70°C or at 60°C when using kanamycin (final concentration of 20 μg/ml) for the propagation of transformants. For the growth selection and complementation assay, bacterial suspensions from overnight-grown liquid cultures were washed three times in 50 mM phosphate buffer (pH 7.5) and adjusted to equal optical densities before spotting 5 or 10 μl on complex and minimal medium. For screening and selection purposes on solid medium, tributyrin with a final concentration of 1.0% (v/v) was emulsified with an Ultra-Turrax homogenizer (IKA, Staufen, Germany) immediately before autoclaving of the medium.

Generation of a large-insert fosmid library and functional screenings
---------------------------------------------------------------------

Water, sediment and biofilms were sampled from hot springs in the town of Furnas Azores, Portugal (37°46′21.78″N 25°18′14.673″W). Compost heap samples were collected from a composting plant (Bioenergiezentrum GmbH, Göttingen, Germany). After separation of microorganisms from the samples\' matrices (filtration and scraping off cells from organic matter), the metagenomic DNA was prepared using the PowerSoil, PowerMax Soil and UltraClean Fecal DNA Isolation Kit (MO BIO, Carlsbad, USA). The generation of a large-insert DNA library was done using the pCC1FOS-derived pCT3FK *T. thermophilus*/*E. coli* shuttle fosmid (Angelov et al., [@B4]) according to the instructions of the pCC1FOS Fosmid Library Production Kit (Epicentre, Madison, USA). Arrayed clones from *E. coli* were cultured in 96-well microtiter plate format. To overcome labor-intensive transfer of single fosmid clones from *E. coli* to *T. thermophilus*, a high-throughput screening strategy was chosen based on growth complementation (Leis et al., [@B31]). Therefore, each pool of 96 single fosmids from *E. coli* was transferred in the screening strain *T. thermophilus* BL03 by a single transformation reaction. The transformants of each reaction were grown on TB plates containing kanamycin as antibiotic. After 2 days of incubation at 60°C, colonies were suspended from the plates and washed three times using 50 mM phosphate buffer (pH 7.5). The washed cell suspensions (each comprising a pool of 96 *T. thermophilus* transformants obtained by transformation of strain BL03 with pooled fosmids from 96 *E. coli* clones) were spotted onto SH minimal medium containing tributyrin (1% v/v) and kanamycin. Candidate clone pools were able to grow on tributyrin due to heterologous growth complementation after 2--3 days of incubation at 60°C. In order to determine single clone(s) whose fosmid-derived inserts conferred tributyrase activity within each positive pool, *T. thermophilus* BL03 was transformed individually with each of the 96 *E. coli* fosmids in deep well plate format as described before (Angelov et al., [@B4]). Suspensions of the transformants were washed several times and spotted on minimal medium containing tributyrin. *T. thermophilus* clones with candidate fosmid inserts grew after several days of incubation at 60°C. The stability of each phenotype was assessed by repeated streaking and growth of the clones on SH with tributyrin.

Each candidate clone was analyzed for its ability to hydrolyze the substrate in comparison to the control containing only the empty fosmid DNA. The corresponding halo formation was calculated as the area of the clearing zone without the area of the corresponding colony size according to the following equation: $$\begin{array}{l}
{\text{Halo area formed} =} \\
{\text{                            }\lbrack\text{diameter}{(\text{halo})}^{\text{2}} - \text{diameter}{(\text{colony})}^{\text{2}}\rbrack \times \text{0}.\text{25} \times \pi} \\
\end{array}$$

Sequencing and *in silico* analysis of sequence data
----------------------------------------------------

Fosmids conferring significant halo formation were sequenced using Roche\'s GS-FLX series 454 pyrosequencer at the Göttingen Genomics laboratory (G~2~L) and LGC Genomics (Berlin, Germany). For phylogenetic analysis, bacterial and archaeal 16S rDNA sequences were amplified by PCR using degenerate primer pairs 616Valt, 100K, AC165, and AC1601, respectively (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Phylogenetic analysis was done using ARB (Ludwig et al., [@B37]) and the Ribosomal Database Project II (RDP-II) server (Cole et al., [@B10]). Assembled contig sequences were analyzed *in silico* using SEED (Overbeek et al., [@B42]). BlastP (Altschul et al., [@B2]), conserved domain database (CDD, Marchler-Bauer et al., [@B39]), and the Pfam database (Punta et al., [@B47]) were used for similarity searches and annotation. The presence of predicted signal peptides was analyzed with the SignalP server (Petersen et al., [@B45]). Regular expression algorithm was used to unravel potential esterase candidate genes by GXSXG conserved motif searches. For the generation of multiple sequence alignments and similarity tree reconstruction, representative protein sequences from classified esterases/lipases (Chow et al., [@B9]) were used. Tree calculations based on multiple sequence alignments were performed with the T-REX webserver (Boc et al., [@B6]) and the resulting Newick-formatted data was visualized with MEGA Version 5.2 (Tamura et al., [@B60]).

Cloning, expression, and purification of metagenomic esterases
--------------------------------------------------------------

Candidate genes were PCR amplified with Phusion DNA polymerase (ThermoFisher Scientific, Waltham, USA) using primers listed in Supplementary Table [S1](#SM1){ref-type="supplementary-material"} (oligonucleotides EstA2_for and EstA2_rev for cloning EstA2, EstB1_for and EstB1_rev for EstB1, respectively). The PCR products were cloned using a CloneJET vector (Fermentas) backbone. Insertion of the polyhistidine (6xHis) sequence was performed by the Change-IT Multiple Mutation Site Directed Mutagenesis Kit (Affymetrix, Santa Clara, USA) with 5′-phosphorylated oligonucleotides (EstA2_PHO_F and EstB1_PHO_F) according to the manufacturer\'s instructions. Metagenomic esterase-encoding genes (EstA2 and EstB1) were cloned in pET21a(+) (Novagen) using *Nde*I and *Nco*I, and the same strategy was used for cloning in the *T. thermophilus* vector pMK18 (de Grado et al., [@B14]) by isothermal DNA assembly using the Gibson Assembly Master Mix (New England Biolabs, Ipswich, USA) with vector primers pMK18_RBS_for and pMK18_RBS_rev. The insert was amplified with Est_rev and corresponding forward primers of the esterases. For expression, *E. coli* BL21(DE3) Star cultures (250 ml) were grown in Erlenmeyer flasks to mid-log phase (absorbance at 600 nm ranging from 0.6 to 0.7) and induced with isopropyl-β-D-thiogalactopyranoside (IPTG) at a final concentration of 1.0 mM. After 4 h at 37°C, the cultures were harvested by centrifugation and disrupted by sonication (Hielscher Ultrasonics GmbH, Teltow, Germany). After removal of the cell debris, the lysate was subjected to heat treatment (at least 60°C for 20 min). The supernatant containing the thermostable and soluble protein of interest was purified using Protino Ni-IDA 2000 protein purification system (Macherey-Nagel) according to the manufacturer\'s instructions. Protein separation and purity was determined with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) based on Laemmli ([@B28]).

Enzyme assays
-------------

*E. coli* and *T. thermophilus* cells from 5 ml overnight grown cultures were harvested by centrifugation and washed twice in 50 mM Tris-HCl (pH 7.5). All steps were performed on ice. Cells were resuspended in half volume of Tris buffer and disrupted by sonication until the turbid suspensions became clear. Cell debris was removed by centrifugation (21,000 × g, 10 min at 4°C) and supernatants were used for protein quantification and measurement of intracellular lipolytic activities. The *para*-nitrophenyl (*p*NP) assays were performed according to Leis et al. ([@B31]) by using 0.1 ml of crude lysates incubated in 50 mM Tris-HCl (pH 7.5) buffer with 1.25 mM *p*NP-caprylate, -laurate, and palmitate at 60°C. After stopping the reaction with 0.25 ml of 2 M sodium carbonate and incubation on ice for 15 min, the mixture was centrifuged at 21,000 × g for 5 min at 4°C. Esterase activity measurements for purified enzyme preparations were performed using 1.25 mM final concentrations of different *para*-nitrophenyl-substrates (*p*NP-propionate (C~3~), -butyrate (C~4~), -valerate (C~5~), -caproate (C~6~), -caprylate (C~8~), caprate (C~10~), -laurate (C~12~), -myristate (C~14~), and -palmitate (C~16~), all obtained from Sigma-Aldrich). The influence of the additives NaCl, KCl, CaCl~2~, MgCl~2~ (salts), and inhibitor EDTA (chelating agent) and phenylmethylsulfonylfluorid (PMSF), an agent known to inhibit serine/cysteine proteases as well as acetylcholinesterases, was tested at final concentrations of 1 mM. Other *p*NP-substrates were derived by esterification with 2-methyldecanoate (Reetz et al., [@B51]; Franken et al., [@B16]; Wu et al., [@B65]), Ibuprofen, Naproxen (Reetz et al., [@B50]; Sandström et al., [@B53]), 6-methyl-2-(*ortho-tolyl)hept-5-enoate* (Gaich and Mulzer, [@B19]), and indancarboxylic acid (Pietruszka et al., [@B46]) and the activity assays were performed at 60, 70, and 80°C under the conditions reported by López et al. ([@B36]) and Chow et al. ([@B9]).

One unit of specific enzymatic activity was defined as 1.0 μmol of *para*-nitrophenol per minute and mg protein released from the substrate. All measurements were performed at least in duplicates (*n* = 2).

Synthesis of assay substrates---representative procedure
--------------------------------------------------------

Synthesis of 4-nitrophenyl 6-methyl-2-(*ortho*-tolyl)hept-5-enoate: 4-Nitrophenol (538 mg, 3.87 mmol), 4-dimethylaminopyridine (47.3 mg, 387 μmol), and dicyclohexylcarbodiimide (798 mg, 3.87 mmol) were added to a solution of 6-methyl-2-(*ortho*-tolyl)hept-5-enoic acid (900 mg, 3.87 mmol) in 25 mL of dichloromethane under nitrogen. The mixture was stirred at room temperature. After 24 h the precipitate was filtered off and the solvent was removed under reduced pressure. The residue was purified by flash chromatography (petroleum ether/ethyl acetate, 99/1) to give the product as a yellow oil (1.07 g, 3.03 mmol, 78%). ^1^H-NMR (600 MHz, CDCl~3~,): *δ*~H~ \[ppm\] = 1.55 (s, 3 H, 1-H), 1.71 (s, 3 H, 2-H), 1.88 \[dddd, ^2^*J*~(6a,6b)~ = 13.7 Hz, ^3^*J*~(6a,5b)~ =7.2 Hz, ^3^*J*~(6a,5a)~ = 7.2 Hz, ^3^*J*~(6a,7)~ = 6.9 Hz, 1 H, 6-H~a~\], 2.07 \[dd,^3^*J*~(5,6)~ = 7.2 Hz, ^3^*J*~(5,4)~ = 7.2 Hz, 2 H, 5-H\], 2.26 \[dddd, ^3^*J*~(6b,7)~ = 6.7 Hz, ^3^*J*~(6b,5a)~ = 7.2 Hz, ^3^*J*~(6b,5b)~ = 7.2 Hz, ^2^*J*~(6b,6a)~ = 13.6 Hz, 1 H, 6-H~b~\], 2.44 (s, 3 H, arom.-C*H*~3~), 4.12 \[dd, ^3^*J*~(7,6a)~ = 6.8 Hz, ^3^*J*~(7,6b)~ = 6.7 Hz, 1 H, 7-H\], 5.14 \[t, ^3^*J*~(4,5)~ = 7.2 Hz, 1 H, 4-H\], 7.15- (m~c~, 2 H, arom.-C*H*), 7.18--7.25 (m, 3 H, arom.-C*H*), 7.35 (m~c~, 1 H, arom.-C*H*), 8.22 (m~c~, 2 H, arom.-C*H*). ^13^C-NMR (151 MHz, CDCl~3~): *δ*~C~ \[ppm\] = 17.7 (C-1), 19.8 (arom.-C*C*H~3~), 25.7 (C-5), 25.8 (C-2), 32.8 (C-6), 46.3 (C-7), 122.3 (arom.-*C*H), 122.3 (arom.-*C*H), 123.1 (C-4), 125.1 (arom.-*C*H), 125.1 (arom.-*C*H), 126.6 (arom.-*C*H), 127.5 (arom.-*C*H), 130.8 (arom.-*C*H), 130.8 (arom.-*C*H), 133.2 (C-3), 136.6 (arom.-*C*~ipso~), 136.6 (arom.-*C*~ipso~), 145.3 (*C*OO*p*NP), 155.6 (arom.-*C*~ipso~), 171.9 (arom.-*C*NO~2~). HR-MS (ESI, cation): calculated \[C~21~H~23~NO~4~+Na^+^\]: *m/z* = 376.15193; found \[C~21~H~23~NO~4~+Na^+^\]: *m/z* = 376.15211.

Results {#s3}
=======

Generation of fosmid libraries and phylogenetic analysis of hot spring and compost samples
------------------------------------------------------------------------------------------

Environmental samples were obtained from strong acidic and neutral hot spring water sediments and biofilms (pH ranging between 2.0 and 7.0, temperature from 60 to 62°C) from the São Miguel island, Azores, Portugal. In addition, a naturally heated lumber waste compost heap (63.3°C after 4 days) sample was obtained from a compost facility in Göttingen (Germany) (Table [1](#T1){ref-type="table"}). High molecular weight DNA from both samples could be obtained and enabled the generation of a large-insert metagenomic library in the pCT3FK shuttle fosmid. The library comprised around 6048 single fosmid clones for the Azores samples and 1920 clones for the compost sample with each clone carrying approximately 35--40 kbp metagenomic inserts (Table [1](#T1){ref-type="table"}). Phylogenetic analysis of the metagenomic DNA inserts was done by sequencing of PCR products obtained with degenerate primers which amplify bacterial and archaeal 16S rDNA sequences (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). This analysis showed a very low archaeal diversity in the hot spring water, with only representatives of the genera *Stygiolobus azoricus* DSM 6296 (99% sequence identity) and *Sulfolobus* species (e.g., *S. acidocaldarius* DSM 639 with 95% sequence identity) found. In the compost sample a more diverse representation of bacteria was observed with *Firmicutes* being the most highly represented phylum in which the majority of sequences were assigned to the orders *Bacillales* and *Clostridiales* (Table [2](#T2){ref-type="table"}).

###### 

**Overview of the constructed metagenomic libraries and the esterase screening results in *E. coli* EPI300 and *T. thermophilus* BL03**.

  **Origin of metagenomic DNA**                    **Sample information**          **Number of fosmid clones**   **Number of lipolytic clones (60°C)**   
  ------------------------------------------------ ------------------------------- ----------------------------- --------------------------------------- ---
  Hot springs (Azores Islands, Portugal)           AZ2 sediment, 60°C pH 6.0       384                           1                                       1
                                                   AZ3 sediment, 62°C, pH 2.0      5472                          0                                       4
                                                   AZ4 biofilms, 60°C, pH 7.0      192                           0                                       0
  Compost from lumber waste (Göttingen, Germany)   M12, heap II, 4th day, 63.3°C   1920                          1                                       1
  Summary                                                                          7968                          2                                       6

###### 

**Frequency of operational taxonomic units (OTUs) identified by 16S rDNA-analysis of the metagenomic samples**.

  **Metagenomic sample**          **Kingdom**   **OTUs with highest similarity to phylum (e.g., most predominant families)**                                                                  **Number of sequences (frequency)**
  ------------------------------- ------------- --------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------
  Hot springs (water/sediments)   Archaea       *Crenarchaeota* (*Sulfolobaceae, Stygiolobus azoricus* DSM 6296 only)                                                                         5 (100.0%)
                                  Bacteria      *Proteobacteria* (*Enterobacteriaceae*, *Methylobacteriaceae, Acetobacteraceae, Sphingomonadaceae, Burkholderiaceae, Acidithiobacillaceae*)   19 (82.6%)
                                                *Bacteriodetes* (*Flavobacteriaceae*)                                                                                                         2 (8.7%)
                                                Others (*Cyanobacteria*)                                                                                                                      2 (8.7%)
  Compost (lumber waste)          Bacteria      *Firmicutes* (*Bacillaceae, Thermoanaerobacteriaceae, Alicyclobacillaceae, Paenibacillaceae, Clostridiaceae*)                                 208 (88.1%)
                                                *Actinobacteria* (*Streptosporangiaceae*)                                                                                                     17 (7.2%)
                                                *Proteobacteria* (*Enterobacteriaceae, Rhodobacteraceae Pseudomonadaceae, Myxococcaceae*)                                                     8 (3.4%)
                                                Others (*Chloroflexi*, *Actinobacteria*)                                                                                                      3 (1.3%)

Functional screening of fosmid libraries in *E. coli* and *T. thermophilus*
---------------------------------------------------------------------------

After screening of the generated libraries in *E. coli* using a plate assay at 60°C, only two halo-forming colonies were identified on tributyrin agar plates, one from the Azores sample (termed AZ2-4-B6) and one from the compost sample (M12-4-D9). In order to perform the screening in *T. thermophilus*, the BL03 strain was transformed with 83 fosmid pools, each prepared from 96 fosmid clones. The transformant pools obtained in this way were examined for their ability to grow on minimal medium plates supplemented with tributyrin. A total of 13 pools showed substantial growth on these plates (namely fosmid pools AZ2-4; AZ3-14; AZ3-25; AZ3-30; AZ3-32; AZ3-33; AZ3-37; AZ3-38; AZ3-47; AZ4-2; M12-3; M12-4; and M12-6). From these candidate pools, single fosmid transformations were performed in 96 well plate format. Again, growth on minimal medium was monitored, and positive clones were selected. After re-streaking them two more times to confirm the stability of their phenotype, six fosmid-containing *T. thermophilus* clones could be isolated from five different fosmid pools. They stably grew on minimal medium agar supplemented with tributyrin, and hydrolysis halos on tributyrin substrate plates were monitored in comparison with the BL03 strain carrying an empty fosmid (Figure [1A](#F1){ref-type="fig"}). In addition, the esterase activity of crude cell extracts obtained from the respective strains was measured with various *p*NP-substrates (Figure [1B](#F1){ref-type="fig"}). Almost all fosmid clones showed preferences for medium to short acyl chain fatty acid *p*NP-esters. Crude extract from the strain AZ3-14-D2 exhibited the highest activities of all crude extracts tested. This extract was most active over a broad range of *p*NP-substrates tested and its long-chain palmitate fatty acid hydrolysis was approximately three-fold higher than in the BL03 empty fosmid control. The two fosmids that conferred tributyrase activity in *E. coli*, AZ2-4-B6 and M12-4-D9, were also found to confer activity in *T. thermophilus* when tested in *p*NP-assays. Fosmid M12-4-D9 could not be identified by heterologous growth complementation screenings in *T. thermophilus* BL03, but showed higher activity on *p*NP-C~8~ compared to *E. coli*. In general, the *p*NP-substrate preference of the fosmid-encoded esterases for short-chain acyl esters was in agreement with the observed capabilities of halo formation on tributyrin agar plates.

![**(A)** Growth complementation screening results of *T. thermophilus* BL03 transformed with metagenomic fosmid DNA (upper scan picture) and corresponding tributyrase halo formation capabilities on substrate plates (lower scan picture). **(B)** Tributyrase activity of 8 single fosmids in *E. coli* EPI300 (upper part of the table) and *T. thermophilus* BL03 (below). In this representation, the increase of halo formation (black bars, halo area was calculated as described in the Materials and Methods section) on 1% (v/v) tributyrin substrate plates after 3 days of incubation at 60°C is shown (from triplicate measurements, *n* = 3; error bars indicate the standard deviation). In *T. thermophilus*, heterologous growth complementation results after 3 days of growth at 60°C on minimal medium are depicted. Comparative *p*NP-activity data from crude extracts (specific activity mU × mg^−1^) is shown for each single fosmid clone as average values from duplicate measurements (± standard deviation).](fmicb-06-00275-g0001){#F1}

Sequencing and *in silico* analysis of the esterase activity-conferring fosmid inserts
--------------------------------------------------------------------------------------

The candidate fosmids were subjected to 454-sequencing and plasmids containing shotgun libraries of positive fosmids were sequenced with Sanger technology. The bioinformatic analysis of the fosmids is summarized in Table [3](#T3){ref-type="table"}. Annotated α/β hydrolase 6 family proteins sharing high similarity to already characterized proteins were predicted from the sequence of two fosmids, namely M12-4-D9 and AZ2-4-B6. Not all positive fosmids from high-throughput *T. thermophilus* screenings could be completely assembled and sequenced (in average, 32.86 kb sequence information was obtained from each fosmid). The assembly data is summarized in Supplementary Table [S2](#SM1){ref-type="supplementary-material"}. Only in the case of two fosmids, AZ3-33-C12 (GenBank accession number KP892656) and M12-4-G10 (GenBank accession number KP892657) complete sequence assemblies where available for bioinformatic analysis. By motif search, the conserved GXSXG pentapeptide signature was identified in two of the predicted protein-encoding ORFs (EstA2 from fosmid AZ3-33-C12 and EstB1 from M12-4-G10). Both candidates showed no or only weak sequence similarity to lipolytic enzymes. Pfam prediction did not reveal any esterase/lipase-encoding function. For fosmid clones AZ3-32-E5, AZ3-14-D2, and AZ3-14-D11, sequence information was incomplete, therefore hampering further *in silico* analysis.

###### 

**Overview of esterase-positive fosmids**.

  **Fosmid clone**                           **Functional screening positive in**   **Assembled sequence (kb) (no. of contigs)**   **Candidate ORF (contig)**   **Similarity search by blastp (closest *species*), additional information, characterized proteins**                                                                                                                                                                **Predicted protein families and domains (Pfam)**
  ------------------------------------------ -------------------------------------- ---------------------------------------------- ---------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------
  AZ2-4-B6[^†^](#TN1){ref-type="table-fn"}   *E. coli* and *T. thermophilus*        10.46 (2)                                      8c (contig 1)                Meta-fission product hydrolase (*Dyella ginsengisoli* LA-4) accession ACH87186.1 with 71% amino acid identity, a 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (Li et al., [@B32]), α/β-hydrolase (*Alicycliphilus denitrificans* BC)                        α/β-hydrolase 6
  AZ3-14-D2                                  *T. thermophilus*                      34.71 (4)                                      2 (contig 2)                 Acetyl-CoA acetyltransferase (*Metallosphaera sedula*) WP_012020361.1 with 84% identity                                                                                                                                                                            Thiolase, N- and C-terminus
  AZ3-14-D11                                 *T. thermophilus*                      32.68 (2)                                      n.d.                         *Sulfolobus* species                                                                                                                                                                                                                                               n.d.
  AZ3-32-E5                                  *T. thermophilus*                      28.97 (3)                                      12 (contig 1)                Dipeptidyl aminopeptidase/acylaminoacyl-peptidase (*Sulfolobus islandicus* LAL14/1), YP_007865031.1. with 60% identity; shares similarities to α/β hydrolases, COesterases and putative esterases, predicted active sites: Ser^412^, Asp^491^ and His^523^         Peptidase_S9
  AZ3-33-C12                                 *T. thermophilus*                      39.46 (1)                                      2                            Hypothetical protein (*Acidianus hospitalis* W1) YP_004458132.1 with 66% similarity, phospholipase A2/esterase (*Desulfurococcus kamchatkensis* 1221n) YP_002428819.1 with 40% sequence identity, APE_2325 (*Aeropyrum pernix* K1) NP_148539.1 with 48% identity   Archaeal PaREP1/PaREP8 family, not significant
  M12-4-D9[^‡^](#TN2){ref-type="table-fn"}   *E. coli*                              shotgun clone                                  1                            Hypothetical protein (*Caldibacillus debilis*) and carboxylesterase Est30 (*Geobacillus stearothermophilus*), crystal structure available at PDB: 1TQH, accession Q06174.2 with 71% similarity (Liu et al., [@B35])                                                α/β-hydrolase 6
  M12-4-G10                                  *T. thermophilus*                      50.87 (1)                                      18c                          Hypothetical protein (*Sphingobium quisquiliarum* P25), EQB08083.1 with 40% sequence identity                                                                                                                                                                      Metallo-β-lactamase B superfamily, alkyl sulfatase, N- and C-terminus

*Sequenced separately at Göttingen Genomics Laboratory (G~2~L), no assembly statistics available, fosmid backbone pCT3FK sequence not included*.

*Identified from shotgun library in E. coli only*.

*n.d., no detectable candidate ORF*.

Heterologous expression and preliminary characterization of two novel metagenomic esterases
-------------------------------------------------------------------------------------------

From all candidate esterase-encoding ORFs, we selected EstA2 and EstB1 for expression, purification and characterization using *T. thermophilus* as an expression host. Expression of these ORFs in pMK18 (de Grado et al., [@B14]) led to significant *p*NP-butyrate-cleaving activity (measured at 60°C). Further investigation revealed that short-chain acyl esters were the preferred substrates, such as *p*NP-butyrate, that was hydrolyzed most optimally around 80--85°C and pH 8.0. EstA2 (encoded on fosmid AZ3-33-C12) resulted in a significant activity increase in the extracellular fraction, resulting in a 1.54-fold induction of activity, while EstB1 showed a 1.53-fold increased activity level compared to 338.4 ± 4.8 mU/mg protein in BL03 with the empty pMK18 vector. However, no recombinant protein band could be detected by SDS-PAGE analysis. We then attempted to produce C-terminally tagged versions of both proteins in *E. coli* by using the pET21a(+) expression vector. For both proteins, purification using heat treatment followed by IMAC gravity flow columns resulted in functional protein preparations (Figure [2](#F2){ref-type="fig"}).

![**SDS-PAGE analysis of the purification steps of his-tagged EstA2 (A) and EstB1 (B)**. Lanes M, protein ladder; Lanes 1, empty vector control; lanes 2, crude lysate; lanes 3, flow-through; Lanes 4--5, eluate fractions of target proteins. Predicted sizes of the proteins with C-terminal his-tag fusions are 18.7 kDa for EstA2 and 64.6 kDa for EstB1, respectively.](fmicb-06-00275-g0002){#F2}

The characterization of the recombinant enzymes revealed similar substrate preferences for short acyl chain substrates (*p*NP-C~3~ \> C~4~ \> C~5~ \> C~6~ \> C~8~) as the ones observed in *T. thermophilus*, while activities on long-chain substrates (over C~10~) were comparably low (Figure [3](#F3){ref-type="fig"}). Under the assay conditions used here, optimum activity of EstA2 was observed around 80°C and pH 8.0, while EstB1 was most active at 75°C and pH 8.0. The specific activities of both enzymes on *para*-nitrophenyl butyrate were 44.05 ± 2.06 U/mg protein for EstA2 and 4.13 ± 0.71 U/mg for EstB1. The influence of several additives, NaCl, KCl, CaCl~2~, MgCl~2~, EDTA, and PMSF at 1--10 mM final concentration was negligible. Our data suggests both proteins to be esterases rather than lipases due to their characteristic substrate specificities.

![**Characterization of the purified esterase-active proteins EstA2 and EstB1. (A)** Substrate specificity of various acyl chain length *p*NP-esters. **(B)** Temperature and **(C)** pH optimum. The assays were performed in 50 mM phosphate buffer (pH 6--7) or 50 mM Tris-HCl buffer (pH 7.2--8.8) under optimal activity parameters (80°C for EstA2 and 75°C for EstB1, respectively) against 1.25 mM *p*NP-butyrate. 0.065--1.3 μg of purified enzyme was used for the assays. Data represents average values and standard deviations (error bars).](fmicb-06-00275-g0003){#F3}

EstA2 and EstB1 were tested toward various racemic mixtures of a selection of *p*NP-esters (Table [4](#T4){ref-type="table"}). Activity was measured over a wide range of temperatures (60--80°C) to overcome constraints by autohydrolysis of the substrates at elevated temperatures (Chow et al., [@B9]; López et al., [@B36]). In general, the activities measured were comparably low (mU range). The highest activities under the conditions tested were found with the 4-nitrophenolates of-Naproxen and Ibuprofen. No activity could be detected with the *p*NP-esters of indancarboxylic acid while 2-methyldecanoate and 6-methyl-2-(*ortho*-tolyl)hept-5-enoate were only hydrolyzed weakly in the presence of EstB1 at the highest temperature tested so far.

###### 

**Specific activity (mU/mg) of EstA2 and EstB1 on *p*NP-esters at various temperatures**.

  **Tested substrates (*p*NP-derivatives)**               **60°C**      **70°C**      **80°C**                                  
  ------------------------------------------------------- ------------- ------------- ------------- ------------- ------------- -------------
  2-Methyldecanoate                                       --            --            --            --            --            0.15 ± 0.04
  Ibuprofen                                               --            1.11 ± 0.31   0.68 ± 0.42   0.63 ± 0.02   2.55 ± 1.89   0.76 ± 0.02
  Naproxen                                                1.01 ± 0.16   1.54 ± 0.03   2.94 ± 0.34   1.29 ± 0.72   3.09 ± 0.07   0.27 ± 0.06
  4-Nitrophenyl 6-methyl-2-(*ortho*-tolyl)hept-5-enoate   --            --            --            --            --            0.63 ± 0.00
  Indancarboxylic acid                                    --            --            --            --            --            --

*Activity tests were performed in 850 μL of 50 mM Sørensen buffer containing 0.1% (w/v) gum arabic and 5 mM sodium deoxycholate (pH 8.0 at 60, 70, and 80°C, respectively), mixed with 120 μL of DMSO and 20 μL of 10 mM of the pNP-ester substrates. Within 10 μL residual volume, 0.4 μg of the enzymes were added to the assay, which was performed for 30 min. Absorbance at 400 nm was measured in cuvettes, enzyme-free samples were measured as reference (the molar extinction coefficient was determined as ε = 14,000 M^−1^ × cm^−1^)*.

Classification of lipolytic enzymes
-----------------------------------

In order to classify the gene products identified in our metagenomic screenings, we performed multiple sequence alignments with known esterases and lipases from families I to VIII (Arpigny and Jaeger, [@B5]). Recently, the number of known lipolytic enzyme families has been extended by two new families, termed LipS and LipT (Chow et al., [@B9]). From the positive fosmids identified in *E. coli* (AZ2-4-B6 and M12-4-D9), both encoding α/β-hydrolase ORFs were identified as esterase class V and LipS family protein, respectively. The lipolytic enzymes discovered by using *T. thermophilus* for functional library screening, EstA2 and EstB1, could not be assigned to any known esterase/lipase family (Figure [4](#F4){ref-type="fig"}).

![**Topologic view of a similarity tree of all lipolytic esterase and lipase protein families I to VIII (according to Arpigny and Jaeger, [@B5]), including the recently defined families LipS and LipT as well as classified, but still unknown protein families (Chow et al., [@B9]) and the new esterases from our functional metagenomic screenings (AZ2-4-B6, M12-4-D9, EstA2, EstB1)**. The data was generated from multiple sequence alignments of selected representative protein sequences (according to Chow et al., [@B9]) using the ClustalW algorithm (Boc et al., [@B6]). Tree reconstruction and visualization was performed with MEGA Version 5.2 (Tamura et al., [@B60]). The metagenomic proteins identified in this study are marked with black arrows. The length of the tree branches does not represent the phylogenetic distance between the protein sequences.](fmicb-06-00275-g0004){#F4}

Discussion {#s4}
==========

In the past, *E. coli* has been shown to be a good provider of interesting biocatalysts and enzymes from metagenomic screenings. Although it is clear that *E. coli* has restricted expression capabilities, it is the best developed and most commonly used host until today. Here, we show that using an additional host in functional screenings of metagenomic libraries can lead to the discovery of enzymes that would have remained hidden if only *E. coli* had been used.

How heterologous sequences are recognized and expressed into functional proteins by the transcriptional and translational machinery of an expression host is poorly understood. Factors influencing these processes, amongst other unknown factors, are: (i) toxicity of the foreign DNA and encoded proteins (Sorek et al., [@B57]), (ii) recognition of transcriptional signals (promoters) (Warren et al., [@B64]), (iii) ribosomal binding and translation initiation (Sørensen and Mortensen, [@B58]; Villegas and Kropinski, [@B62]), (iv) mRNA stability (Kudla et al., [@B27]), (v) codon usage (Sørensen and Mortensen, [@B58]), (vi) (post-translational) protein modification and secretion (Mergulhão et al., [@B41]). To overcome these restrictions, other screening hosts have been implemented in function-based metagenomic screening approaches in order to increase the detection frequency of active clones. First attempts using additional screening hosts involved *Streptomyces* and *Pseudomonas* species (Courtois et al., [@B11]; Martinez et al., [@B40]; Lussier et al., [@B38]). By the use of broad-host range vectors, the expression could recently be extended to other members of the *Proteobacteria*, i.e., the same taxon as *E. coli* (Aakvik et al., [@B1]; Craig et al., [@B12]; Kakirde et al., [@B23]), and to eukaryotic expression hosts (Damon et al., [@B13]; Kellner et al., [@B24]; Parachin and Gorwa-Grauslund, [@B43]). Our approach is distinguished from these "broad-host vectors" strategies by performing the library construction steps in the well-established *E. coli* system, followed by transfer of the metagenomic fosmids in the alternative host (Angelov et al., [@B4]). In order to facilitate the detection of esterase-encoding fosmid inserts, we used a selection-based strategy which relies on the complementation of growth of a custom, esterase-deficient strain of *T. thermophilus* (strain BL03, Leis et al., [@B31]). The BL03 strain is a multiple esterase deletion mutant which exhibits significantly reduced extracellular lipolytic activities compared with the parent strain HB27 and was shown to be severely impaired in growth on minimal medium supplemented with tributyrin (Leis et al., [@B31]). The growth could be regained via heterologous complementation when metagenomic DNA was expressed by the host. Low detection limits of classical phenotypic plate screenings (clearing zones around the colonies) could thus be overcome, as even weak gene expression levels yield enough metabolites to reconstitute growth. By implementing a high-throughput pooling strategy, approximately 8000 single fosmid clones yielded six single candidate fosmid clones, which represents a detection frequency that is comparable with screening results obtained from other metagenomics studies aimed at lipolytic activities from hot environments (Rhee et al., [@B52]; Chow et al., [@B9]). To our knowledge, this is the first report of identifying novel metagenome-borne esterases by the use of a screening organism other than traditional *E. coli*.

Metagenomic esterases having similarity to β-lactamase family proteins have been reported from various environmental or anthropogenic sources, e.g., leachate samples (Rashamuse et al., [@B49]), arctic soil (Yu et al., [@B66]), alkaline compost (Kim et al., [@B25]), drinking water and soil metagenomes (Elend et al., [@B15]). They share the conserved sequence motif common for class C β-lactamases (Ser-Xaa-Xaa-Lys, whereas Xaa is any amino acid) that is important for catalytic activity of esterases with similarity to penicillin-binding proteins (Petersen et al., [@B44]), and have been assigned to the less characterized family VIII carboxylesterases (Arpigny and Jaeger, [@B5]). EstB1 lacks this conserved sequence motif and does not belong to the class C β-lactamase protein family. Instead, it could be assigned to class B metallo-β-lactamase proteins (PF00753). This group comprises hydrolases acting on thioester (thioesterase) and sulfate ester (sulfatase) bonds. Furthermore, thioesterases have also been shown to convert *para*-nitrophenol esters (Shahi et al., [@B55]; Kotowska et al., [@B26]). EstB1 shared 30% sequence identity with SdsA1 from *Pseudomonas aeruginosa*, which is a characterized alkyl-sulfatase (Hagelueken et al., [@B20]). The other esterase-acting enzyme identified in our metagenomic studies was EstA2. It is most similar to hypothetical proteins from diverse archaeal origins. One characterized enzyme, to which EstA2 shows very weak similarity, is a phospholipase from the hyperthermophilic archaeon *Aeropyrum pernix* K1 encoded by ORF APE2325 (Wang et al., [@B63]). Also being a small protein with 18 kDa in size, its reported substrate spectrum and activity pattern is comparable to EstA2, as it also preferred short acyl chain *p*NP-substrates and was most active at elevated temperatures (above 80°C).

In this study we have demonstrated that *T. thermophilus* is an excellent host bacterium for the detection of novel metagenome-borne enzymes that could not readily have been detected by the use of *E. coli* or by *in silico* analysis. To our knowledge, this is the first report that metagenome-derived esterases could be identified in an expression host other than *E. coli*. The functional screening implementing *T. thermophilus* BL03 could uncover several lipolytic enzymes from underrepresented species and archaeal origin, and most strikingly, some of them could not be assigned to classical esterase and lipase enzyme families and therefore represent truly novel esterase-active proteins. The confirmation of predicted ORFs responsible for the lipolytic activity of the remaining fosmids will be addressed in the future. The use of complementation screens in *T. thermophilus* with shotgun subclones will help to identify more active genes that do not share any known sequence signatures at all.
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